Abstract. With the increase in economic development over the past thirty years, many large cities in eastern and southwestern China are experiencing increased haze events and atmospheric pollution, causing significant impacts on the regional environment and even climate. However, knowledge on the aerosol physical and chemical properties in heavy haze conditions is still insufficient. In this study, two winter heavy haze events in Beijing that occurred in 2011 and 2012 were selected and investigated by using the ground-based remote sensing measurements. We used a CIMEL CE318 sunsky radiometer to retrieve haze aerosol optical, physical and chemical properties, including aerosol optical depth (AOD), size distribution, complex refractive indices and aerosol fractions identified as black carbon (BC), brown carbon (BrC), mineral dust (DU), ammonium sulfate-like (AS) components and aerosol water content (AW). The retrieval results from a total of five haze days showed that the aerosol loading and properties during the two winter haze events were comparable. Therefore, average heavy haze property parameters were drawn to present a research case for future studies. The average AOD is about 3.0 at 440 nm, and the Ångström exponent is 1.3 from 440 to 870 nm. The fine-mode AOD is 2.8 corresponding to a fine-mode fraction of 0.93. The coarse particles occupied a considerable volume fraction of the bimodal size distribution in winter haze events, with the mean particle radius of 0.21 and 2.9 µm for the fine and coarse modes respectively. The real part of the refractive indices exhibited a relatively flat spectral behavior with an average value of 1.48 from 440 to 1020 nm. The imaginary part showed spectral variation, with the value at 440 nm (about 0.013) higher than the other three wavelengths (about 0.008 at 675 nm). The aerosol composition retrieval results showed that volume fractions of BC, BrC, DU, AS and AW are 1, 2, 49, 15 and 33 %, respectively, on average for the investigated haze events. The preliminary uncertainty estimation and comparison of these remote sensing results with in situ BC and PM 2.5 measurements are also presented in the paper.
. In recent years, the haze pollution has drawn growing worldwide concerns, especially in developing countries. The rapid increase in energy consumption and the amount of vehicles in the past three decades as well as the high population density have caused serious particulate mater (PM) pollution in Beijing (He et al., 2002) . Haze event has been observed frequently in Beijing (Sun et al., 2006) , during the cold winter and spring seasons because of the enhanced heating, traffic and industrial emissions, and especially the stable weather conditions. Meanwhile, dust blown from local and the northern arid regions is still a perpetual phenomenon in Beijing during the dry winter and spring seasons. The mineral dust component further mixing with local aerosols makes the nature of haze aerosols in Beijing distinct from others. However, studies on the haze pollution in Beijing are rather limited, and simultaneous observation of physical and optical properties as well as the chemical characteristics of haze aerosol even less so.
In this paper, two haze events occurring in the winters of February 2011 and 2012 over Beijing were studied. We measured attenuation of direct solar beam and sky radiation distribution by using a new-generation CIMEL polarized sunsky radiometer equipped with dual wheels (an additional polarizer wheel) differing from standard CIMEL radiometers that are equipped only with one filter wheel (Li et al., 2009) , to derive accurate aerosol optical depth (AOD) and comprehensive aerosol properties such as particle size distribution, single-scattering albedo (SSA) and refractive indices (Holben et al., 1998; Dubovik et al., 2000 Dubovik et al., , 2006 . These aerosol optical and microphysical parameters can provide a base for retrieval of the aerosol chemical composition information, which allows for estimation of the aerosol component fraction without affecting the ambient status of atmospheric particles.
Measurement and methodology

Observation site and instrument
In this study, the observation site (116.37 • E, 40.00 • N) in Beijing is located on the building roof (∼ 59 m a.s.l.) of the Institute of Remote Sensing and Digital Earth, Chinese Academy of Sciences. The instrument we used is a CIMEL CE318-DP sun-sky radiometer, #350 in the AErosol RObotic NETwork (AERONET) (Holben et al., 1998) . It has eight wavelengths, nominally centered at 340, 380, 440, 500, 675, 870, 1020 and 1640 nm with bandwidth from 2 to 10 nm for the purpose of aerosol observation. Measurements are automatically scheduled with direct sun irradiance measurements each of about 15 min and angular sky radiance scanning of about 1 h each. In practice, the direct sun attenuation measurements are performed three times within about 1 min, and its variability in the period is used to detect clouds . Sky scanning in almucantar and solar principal plane (SPP) geometry for intensity and polarization measurements can be used to retrieve aerosol optical, physical and chemical properties. The sky measurements are performed wavelength by wavelength, taking about 5-8 min depending on instrument scenario and wavelengths appointed by the user. Calibration of the direct sun measurements of the radiometer (#350) was done twice by comparison with the AERONET master instrument (#245) on 2 November 2009, and the high-mountain Langley calibration performed at the Litang site (3913 m and AOD less than about 0.03 at 870 nm) on 13 October 2011. The AOD uncertainty is then estimated to be about 0.01-0.02. The sky radiance was calibrated following the method of Li et al. (2008) with uncertainties estimated to be 3-5 %. The polarization calibration was performed in the laboratory on 28 October 2009 with uncertainties estimated to be about 0.01 .
Two haze events in Beijing winter
Many studies propose to use the visibility as a proxy to identify the haze event (e.g. Bäumer et al, 2008) . Here, we consider a three-parameter criterion to select haze from our measurements, which includes relative humidity (RH) < 90 % (Deng et al., 2008) , AOD(440 nm) > 1.0 and the Ångström exponent α > 1.0. Firstly, there is a relationship between AOD and visibility, and an AOD(440 nm) greater than 1.0 corresponds to approximately a visibility lower than about 5 km in the standard atmospheric model, which can be recognized as moderate or heavy haze. Secondly, the threshold on α is set to distinguish haze from the dust storm cases, which can also have high AOD values, but usually with a much lower α. Thirdly, the ambient humidity criterion is useful to distinguish fog from haze conditions (Wu et al., 2005) . According to these criteria, we selected two typical haze events: one during the period of 22-23 February 2011, and the other during that of 27-29 February 2012. Figure 1 shows the measured AOD and Ångström exponent (440-870 nm) during the two haze events. In the first event (2011), the average AOD (440 nm) is higher than that of the second event (2012). In 2012 event, the Ångström exponent is higher than 2011, indicating either more fine-mode particles relative to the coarse-mode particles or smaller radius fine-mode particles. It should be noted that AOD at 440 nm may be associated with much larger uncertainties than the other three wavelengths due to reaching the measurement limitation of the CE318 instrument (Sinyuk et al., 2012 ) in these extremely heavy haze events. According to Zhao et al. (2012) , the maximum AOD(440 nm) uncertainty can be up to 4 % when simulated using Junge size distribution, and depending on solar zenith angle and aerosol properties. We can assume the similar uncertainty level in our case when the raw digital signal is less than 10 at 440 nm, which counts for less than 30 percentage points for all days in the studied period except for 23 January 2011 (about 80 percentage points). 
Retrieval of aerosol physical properties
We utilize the comprehensive aerosol retrieval code developed by Dubovik et al. (2000 Dubovik et al. ( , 2006 in this study, which is also the standard inversion algorithm for AERONET aerosol products. The retrieved aerosol property parameters include the particle size distribution (typical uncertainty of 25 %) and the wavelength-dependent refractive indices (typical uncertainty of 0.04 for real parts and 40 % for imaginary parts) as well as other aerosol optical parameters like SSA (typical uncertainty of 0.03) Li et al., 2009) . The algorithm employs the spheroid model (Volten et al., 2001) to improve the performance when dealing with coarse particles, while the discrete ordinates method (Nakajima and Tanaka, 1988; Stamnes et al., 1988 ) is used to solve the radiative transfer equation. In the retrieval, the ground reflectance is assumed to be Lambertian with albedo obtained from a 5 yr, half-monthly average MODIS climatology (Li et al., 2006) . We carry out cloud screening by using the triplet direct-sun measurement stability and almucantar measurement asymmetry . In Fig. 2 , we show an example to illustrate the fit of sky radiance (L) measurements based on the retrieved aerosol parameters. The residual ε is defined as
where λ is the wavelength, is the scattering angle and the superscripts meas and cal denote the measured and calculated (using the retrieved aerosol parameters) sky radiance, respectively. The radiance used in this study is normalized by π/E 0 , with E 0 the extraterrestrial solar irradiance. The smaller sky radiance residual (comparable with the radiance calibration uncertainty of 3-5 %) suggests that the inversion algorithm performs well in the case of heavy haze events. Moreover, taking the advantage of the CE318-DP instrument, we can also verify the retrieval results by validating residuals on the independent degree of linear polarization (DOLP) measurements as follows:
where P meas is the DOLP measured by CE318-DP and P cal is the calculated DOLP using the retrieved aerosol property parameters. From Fig. 2 , we find the residuals on P are less than 0.01 at all wavelengths (average of all measurement angles), which agrees well with the calibration accuracy of the polarization measurements.
Retrieval of aerosol chemical composition
In general, aerosol is a complicated mixture of liquid water and dry components. According to the aerosol scattering and absorbing properties, the dry aerosol particles can be divided into two categories: the first is the absorbing components like black carbon (BC), dust (DU) and the still poorly understood brown carbon (BrC) generated by combustion processes (Moosmuller et al., 2009) ; and the second is the scattering (non-absorbing) components such as sulfate, nitrate and sea salt etc. Here, we assume a mixture model of aerosols including five components, i.e., BC, BrC, DU, ammonium sulfate (AS) and water (AW), as shown in Fig. 3 and Table 1 , considering that sea salt can be generally neglected in Beijing and the ammonium sulfate can be used as a proxy of non-absorbing dry components (Schuster et al., 2005; Dey et al., 2006; Arola et al., 2011) . This model is an extension of the three-component model of Schuster et al. (2005) and four-component model of Arola et al. (2011) . To apply this model to remote sensing measurement, we consider using information obtained from the spectral variation of the imaginary part of the refractive index as well as the spectral variation of SSA. The average aerosol refractive indices over Beijing in 2010 are presented in the left-hand panel of Fig. 4 . The enhanced absorption (larger imaginary part) at 440 nm reveals the presence of spectrally dependent absorbing aerosols like DU or BrC, while BC usually causes wavelength-independent absorption (Bond and Bergstrom, 2006) . In order to include dust and BrC in the retrieval simultaneously, we consider using the size-dependent absorption parameter, i.e., the SSA , as DU and BrC usually have different particle size. In general, DU components are usually coarse particles, while BrC generated by combustion processes is typically fine particles. It should also be noted that not all coarse-mode particles in Beijing are dust particles as some are fly ash emitted during coal combustion. On the right-hand panel of Fig. 4 , we exhibit the average spectral SSA obtained from January to December 2010 over Beijing for periods with predominately coarse (Ångström exponent AE < 0.6) and fine particles (AE > 1.5) Schuster et al., 2006; Eck et al., 2010) . The SSA spectral trends from 675 and 870 nm show a clear difference (an increased pattern for coarse particles, but a decreased pattern for fine particles) for the two cases. We employ this behavior in our retrieval to help distinguish DU from BrC. The detailed algorithm on the aerosol chemical composition retrieval has been presented in a recent paper (Wang et al., 2013) . Here we provide the description of algorithm when applied to sun-sky radiometer data:
i. Input. The program reads into aerosol optical and physical properties retrieved from CE318 and converts them into parameters used in the component fraction retrieval, including n from the average of real part of aerosol refractive index at four bands (440, 675, 870, 1020 nm), k blue from the imaginary part of aerosol refractive index at 440 nm, k red from the imaginary parts from 675 to 1020 nm and dSSA obtained by (SSA(870 nm) − SSA(675 nm)). Moreover, size distribution and AOD at 675 and 870 nm are also read into and useful in step four.
ii. Initialization. Refractive indices of five components (BC, BrC, DU, AS, AW), mass absorption efficiency (MAE) and density of each component are set according to related literatures. Detailed numbers used in this study are listed in Table 1. iii. Discretization of the solution space. We set steps of volume fractions of components to 0.2, 1, 5 and 5 % for BC, BrC, DU and AW, respectively, and the remaining fractions to AS. We use "TN" to denote the total number of combination of possible solutions (each solution includes five volume fractions of aerosol components), i.e., (f i , i = 1, 5) j with j = 1, TN.
iv. Calculation of parameters of aerosol component mixture. We assume the internal mixture of all components and employ the volume average mixing rule (Heller, 1995) to calculate n cal , k cal blue and k cal red for each volume fraction solution (f i ) j . Moreover, we assume spherical particles and utilize the size distribution, AOD, MAE and aerosol density to calculate dSSA cal following method described in Wang et al. (2013) .
v. Calculation of residuals for each piece of input information. The optimization of function (ε n , ε k(blue) , ε k(red) , ε dSSA ) provides the best solution for the volume fraction retrieval, where residuals on each input information defined as
vi. Finding the best solution by the optimization method.
In the processing of optimization of function ψ, in order to avoid problems with weighting four kinds of input information (n, k blue , k red and dSSA), we utilize a "rank position" (RP) priority strategy instead of using the traditional method of absolute residual minimization. Firstly, we number an integer series RP j (ε n ) related to each member of solution space (f i ) j with i = 1, 5 and j = 1, TN. The value of RP j (ε n ), or the rank position, is calculated based on ε n , while RP j (ε n ) = 1 for the minimum ε n and RP j (ε n ) = TN for the maximum ε n . Secondly, we create similarly the integer series RP j (ε k(blue) ), RP j (ε k(red) ) and RP j (ε dSSA ). Thirdly, the j corresponds to min(RP j (ε n )+ RP j (ε k(blue) )+ RP j (ε k(red) )+RP j (ε dSSA )), which provides the optimization of function ψ, and the corresponding (f 1 , f 2 , f 3 , f 4 , f 5 ) j is the best solution for all kinds of information on n, k blue , k red and dSSA.
vii. Output. The program prints fractions of BC, BrC, DU, AS and AW components corresponding to the best solution.
Error estimation of aerosol component fraction retrieval
Uncertainties in the retrieved aerosol component fractions come mainly from two sources. One is the retrieval method itself, including assumptions on the component mixing state, on the particle shape, on the refractive indices of representative components and so on, which is difficult to assess and might be not the dominative uncertainty source at present. Another uncertainty source is the errors in the input information, i.e., errors of the optical and physical properties from remote sensing measurements, which will be preliminarily evaluated here. Uncertainties of the optical and physical properties obtained from sun-sky radiometer retrievals have been carefully assessed . Typical uncertainty in the real part of the refractive index is about 0.04, while in the imaginary part it is about 40 %, and in SSA about 0.03. Following the algorithm description in Sect. 2.4, the input parameter n is assumed spectrally constant and obtained from the average of real parts of refractive indices at four bands of sun-sky radiometer. The expected uncertainty of n is then estimated to be (N λ ) −1/2 × 0.04 = 0.02, where N λ equals 4. Similarly, expected uncertainty in k blue is 40 %, while in k red it is about 23 % thanks to the average of three bands. The expected uncertainty in dSSA is difficult to estimate, and we can temporally set it to the uncertainty of SSA, i.e., 0.03. It should be mentioned that the band difference form of dSSA (i.e., dSSA = SSA(870 nm) − SSA(675 nm)) should be able to eliminate most of systematical errors in SSA, and thus uncertainty in dSSA could be less than 0.03.
We employ here the yearly average aerosol optical and physical properties of Beijing for the year 2010 as the aerosol model in the error assessment. The refractive indices and SSA are shown in Fig. 4 , and the retrieved component It can be seen from Fig. 5a that absorbing components (BC, BrC and DU) are basically not sensitive to uncertainty in n, while non-absorbing components (AS and AW) show counteracting behaviors, and their maximum uncertainties are 10 %, corresponding to the expected uncertainty range of n. In Fig. 5b , we find that strong absorbing BC is nearly insensitive to k blue , while weak absorbing components (BrC and DU) are sensitive. The AS curve shows roughly opposite variation versus that of DU, and the uncertainty of AW is nearly zero regardless of k blue . In Fig. 5c , we find that none of the component fractions are affected by uncertainty of k red in the range from −20 to 10 %. Moreover, AS and DU are the most affected components, and their corresponding curves are symmetric. In Fig. 5d , when dSSA is less than −0.01, component fraction uncertainties are larger, especially for DU and AS. This is explained by the characteristics of the retrieval algorithm, which employs dSSA to distinguish DU from BrC, as introduced in Sect. 2.4. Once the sign of dSSA has changed due to dSSA, the DU and BrC fractions, as well as those of AS and AW, will change significantly. However, sign changes of dSSA are expected to be rare in the retrieval; for example, the uncertainty assessment of SSA in Dubovik et al. (2000) showed that spectral SSA curves are usually shifted entirely when suffering from measurement uncertainties that will keep the sign of dSSA and not change. Therefore, in Fig. 5d , we consider only dSSA from 0 to 0.03, which results in smaller uncertainties in component fractions.
Figure 5 provides a case study to assess the aerosol component fraction uncertainties. Considering that it is unlikely that all error sources ( n, k blue , k red , dSSA) coincidently reach the maximum, we assume that the possible uncertainty of each component corresponds to the maximum error caused by one of four error sources. Therefore, the maximum uncertainties in BC, BrC, DU, AS and AW are roughly estimated to be 0.008, 0.11, 0.2, 0.15 and 0.1 associated to error sources of dSSA, k blue , k blue , k red and n, respectively. Comparing with the model's component fraction used in the assessment, the relative uncertainties in this case are about 100, 80, 140, 30 and 70 % for BC, BrC, DU, AS and AW components, respectively. We should mention that aerosol component uncertainties, such as those in BC from emission inventories, can be 200 % or more (Schuster et al., 2005) , and thus our retrievals are valuable and uncertainties can be expected to further decrease in the future. Moreover, it should be mentioned that in a stable atmosphere; for example, in the case of heavy haze, which can be verified by the stable AOD or other optical and physical properties, the sun-sky radiometer can provide retrieval results 5-8 times in a day, and taking an average can significantly diminish uncertainties. Therefore, in this study we will present mainly daily average component fractions.
Results
Aerosol physical characteristics during haze events
Size distribution
Particles' size distribution is a key aerosol physical parameter for showing clearly the fine-and coarse-particle fractions in the atmosphere. Figure 6 shows the aerosol size distribution retrieved from sun-sky radiometer measurements during the two haze events. In the 2011 event, the size distribution value on 23 February is higher than that of 22 February, which corresponds to higher AOD on 23 February, as shown in Fig. 1 . Meanwhile, the both obviously higher fine and coarse modes on 23 February cause an increase in AOD, while the Ångström exponent remains stable compared to 22 February. In the 2012 event, it contains more coarse particles compared with 2011 cases. In the 2011 haze event, it contains 39 % coarse particles in volume, while in the second event it contains 48 %. Moreover, in the 2012 event, the fine mode contains much smaller particles compared with the 2011 event. For example, the central radius of fine mode varies from 0.16 to 0.2 µm in 2012 versus 0.23 to 0.26 µm in the year 2011 cases, which corresponds to the higher Ångström exponent in 2012 than in 2011 in Fig. 1 . In addition, following quite stable behavior of the Ångström exponent in the 2011 and 2012 events in Fig. 1 , it is reasonable to derive the average size distribution for the two events. As illustrated in Fig. 7 , the 2011 event has a larger fine mode than 2012, but the particle size of fine mode in the 2012 event is smaller. This might be explained by the hygroscopic growth of fine-mode particles; that is, with the increase of water content, fine-particle radius and fine-mode dV /dlnr augment simultaneously. 
Refractive indices
Refractive indices are important physical parameters of aerosol particles and key indicators of aerosol chemical composition. The real part modulates the aerosol scattering coefficient, and indicates information about the water content in aerosols. For example, aerosol mixtures with refractive indices close to 1.33 have an abundance of water content, while those with refractive indices higher than 1.57 are nearly totally dry (Schuster et al., 2009 ). The imaginary part reflects the aerosol absorbing property, and its spectral pattern can reveal the relative fractions of absorbing aerosols like BC and DU (Schuster et al., 2005; Russell et al., 2010; Wang et al., 2012) .
In Fig. 8 , we represent the daily average refractive indices during the two haze events in 2011 and 2012. The real parts for all cases exhibit relatively flat behaviors, with the daily average values at four wavelengths concentrated between 1.45 and 1.51. Compared to the real parts, the imaginary parts show obviously spectral variation, with the 440 nm value significantly higher than that of other bands. The average refractive index during the haze events in 2011 and 2012 is shown in Fig. 9 . The mean value of the real part at 675 nm is 1.50 in 2011 and 1.48 for 2012. The average imaginary parts at 440 are 0.013 for both of the two events, while they are about 0.008 at 675 nm. Figure 10 shows the volume fractions of the five chemical components of BC, BrC, DU, AS and AW for each day during the two haze events. The volume fractions of chemical components exhibit somewhat larger variations (represented by the error bar) within the day, probably caused by the change in the lifetime of different chemical components and the weather conditions (such as temperature, wind velocity and relative humidity). However, the mean volume fraction of each chemical component shows relatively small day-today variations (< 10 %) during each haze event, indicating that the aerosol sources are quite stable throughout each haze event. The average volume fraction of each chemical component for each haze event is presented in Fig. 11 . From Fig. 11 , one can find that although the haze events occurred in different years, the aerosol chemical composition fractions are comparable to each other, with the difference in volume fraction being less than 5 % absolute. This is partly related to the consistent time period of the two events, i.e., both being in winter.
Aerosol chemical component fraction during haze events
Among the five components, the BC and BrC contents show extremely low levels in all cases with, no more than 2 % and 5 %, respectively, in the aerosol. During the two haze events, water occupies a relatively large fraction, ranging from 25 to 38 %, and 2012 is higher than 2011. From the water fraction, the geometric hygroscopic growth factor (gHGF) of aerosol can be inferred from a simple mathematical formula (Schuster et al., 2009) . The gHGF of the 2011 haze event is 1.11, while it is 1.17 for the 2012 event. When gHGF is larger than 1, the aerosol is hygroscopic (Schuster et al., 2009 ), indicating that the particle will grow in the presence of water. The DU volume fractions in the two events are around 50 %. Even though DU occupies such a large volume fraction in the aerosol during the haze events, it should be noted that this is mainly caused by their large particle size, and the fine-mode fraction (FMF = AOD f /AOD) is a more important indicator of the dominant component. The FMF is 0.93 in our case, which means pollution-dominant events with likely a significant amount of the coarse mode composed of fly ash that is related to coal burning (Yang et al., 2009) or dust from local arid-land emissions. Moreover, in situ chemical sampling measurements in Beijing during the wintertime also showed that the dust can account for 50 % of the total aerosol mass concentrations at the surface (Duan et al., 2007; Yuan et al., 2008) . The AS accounts for nearly 20 % in the aerosol particles during the haze events. In this study, AS is the proxy for the scattering dry components in the aerosol, which are usually composed of water-soluble and water-insoluble components as well. Hence, it should be noted that AS retrieved in this study is different to that obtained by the chemical sampling approaches, which is normally considered to include only the water-soluble component. 
Average aerosol physical and chemical properties during winter heavy haze event in Beijing
From Sects. 3.1 to 3.2, we find stable aerosol properties during five days of the heavy haze events in the two years. Therefore, it is reasonable to provide an average example of optical, physical and chemical properties of heavy haze aerosol based on observations during the above two winter haze events in Beijing. As listed in Table 2 , during the winter heavy haze events, the aerosols are characterized by large AOD (440 nm) about 3.01 ± 0.72, with an Ångström exponent of about 1.3. The fine-mode AOD is 2.8, corresponding to a fine-mode fraction of 0.93, suggesting that fine particles dominate the event. The aerosol size distributions are bimodal, and the coarse mode occupies a considerable fraction, which is different from the haze events in cities of southern China such as Guangzhou, where the fine-particle ratio is generally much higher (Tan et al., 2009 ). The mean particle radius and the standard deviation are (0.21 µm, 0.51) and (2.9 µm, 0.65) for the fine and coarse modes, respectively. With these parameters, the aerosol size distribution over Beijing for haze days can be modeled by a bimodal lognormal function Schuster et al., 2006) :
where r is the particle radius, C f and C c denote the particle volume concentration for fine and coarse modes, respectively, r f and r c are the median radii, and σ f and σ c are the standard deviations as listed in Table 2 . The refractive indices are 1.48-0.013i and 1.49-0.008i, respectively, at 440 and 675 nm. The volume fractions of BC, BrC, DU, AS and water contents are 1, 2, 49, 15 and 33 % respectively. If we only consider dry particles, as is considered in the 6S radiative transfer model (Vermote et al., 1997) that is widely used in the satellite remote sensing community, and designate BrC and AS as the water-soluble components, the volume fractions of BC, DU, and water-soluble components are 1, 73, and 26 % in the dry particles, respectively, over Beijing. In the 6S radiative model, the volume fractions of these three components are 22, 70 and 29 % for urban aerosol types and 1, 70 and 29 % for continental aerosol types. It can be seen that the aerosol model over Beijing during haze days differs from the standard urban models, but is close to the continental model. 
Discussion
Comparison with in situ BC measurements
As a preliminary validation, we preformed simultaneous aethalometer (Magee Scientific AE51) measurements in February 2012 at our sun-sky radiometer site. The BC mass concentration obtained from AE51 during this period is plotted in Fig. 12 , which corresponds to BC content of the surface layer. Another curve represents the column-integrated BC mass concentration retrieved from CE318 under the condition of AOD(440 nm) > 0.4. We employed density of BC (2 g cm −3 as recommend by Bergstrom, 1972) to convert CE318 retrieved volume value to mass concentration. In the comparison, we selected the AE51 measurements within ±15 min of the CE318 retrievals. From Fig. 12 , we can see that the trend of the observed and retrieved BC mass is well correlated, with a correlation coefficient of 0.77. Moreover, the retrieved BC mass can be converted into surface concentration (µg cm −3 ) by assuming a uniform BC column height.
Conversely, from the good correlation between two curves in Fig. 12 , we can estimate that the assumed BC column height is about 1 km when comparing surface and column BC concentration. Considering that, in the case of heavy haze, most of aerosols can be constrained somewhat uniformly near the surface (Lv et al., 2013) , the planetary boundary layer height (PBLH) can roughly be treated as a proxy of the BC column height. Moreover, the column BC value from CE318 is slightly lower than the surface value on average, which is consistent with the boundary layer height reported by Zhang et al. (1990) from radiosonde measurements, who found that the boundary layer height in Beijing is generally less than 1000 m, usually between 500 and 600 m in winter.
Comparison with in situ PM 2.5 measurements
We compared our observation with in situ hourly PM 2.5 measurements located at the US embassy in Beijing (about 10 km southeast of our site) as shown in Fig. 13 . From the comparison we found that the heavy haze events have very high PM 2.5 values, ranging from 200 to about 500 mg m −3 , while there is quite good correlation between total column AOD and PM 2.5 . The correlation coefficient of 0.93 is much higher than that of the average condition when we compare AOD with PM 2.5 in Beijing. This may be related to a higher fine-mode fraction (here 0.93) of haze aerosols. Moreover, it is accepted that aerosol vertical distribution and ambient humidity corrections can also improve the correlation between AOD and PM 2.5 (e.g. Kotchenruther et al., 1999; Tsai et al., 2011) . In this regard, the simultaneous observation of AOD from the ground along with PM 2.5 , aerosol profiles and other environmental factors (e.g. humidity) is very useful to study the AOD-PM 2.5 conversion, which can be used in remote sensing of PM 2.5 by satellites from space.
Conclusion
In this paper, we selected two heavy haze events during winter 2011 and 2012 in Beijing to study optical, physical and chemical characterization of haze aerosols. We proposed a rough selection criterion of AOD(440 nm) > 1.0, α > 1.0 and RH < 90 % to select heavy haze condition, based on the ground-based sun-sky radiometer measurements. We used the state-of-art aerosol retrieval algorithm to derive singlescattering albedo and refractive indices at four wavelengths from 440 to 1020 nm, as well as the particle size distribution of total column aerosols. Then we employed an improved five-component (black carbon, brown carbon, mineral dust, ammonium sulfate-like component and aerosol water content) model to retrieve aerosol chemical composition fractions. The model utilized the spectral refractive indices and single-scattering albedo, and thus can provide more component information than previous three-and four-component models.
Based on the remote sensing observations during haze days in Beijing, a characterization of heavy haze aerosol properties was established, with a large AOD value of about 3.0 at 440 nm and α of about 1.3. An AOD fine-mode fraction of 93 % proves that small particles dominate these polluted haze events. The aerosol size distribution is bimodal, and the coarse mode occupies a considerable fraction as well. For the refractive indices, the real part exhibits a relatively flat spectral behavior with an average value of about 1.49. The imaginary part shows obviously spectral variation, with the value at 440 nm (about 0.013) larger than the other wavelengths (about 0.008 at 675 nm). The chemical composition retrieval shows that black carbon and brown carbon fractions are not larger than 2 and 5 % during the haze. Dust and ammonium sulfate-like components are the main volume contributors of the haze aerosols with volume fractions of 49 % and 15 %, respectively, while aerosol water content can reach up to 33 % in volume. These results can be used in various fields; for example, to improve aerosol remote sensing from satellite, characterization of haze in the environmental and climate models, and correction of aerosol blurring effects for Earth observation images from space during the haze condition.
